INTRODUCTION
Large amounts of glass fibers are used as thermal insulation in nuclear power plants (NPPs). In the event of a loss of coolant accident (LOCA) [1] [2] [3] [4] the insulation is mechanically destroyed by steam impact and drops to the bottom of the reactor containment, where it is immersed in the alkaline coolant liquid. According to alkali resistance of the commercially produced thermal fibrous insulations glass dissolution occurs, followed by later re-precipitation from the over-saturated solutions [5] . A fraction of the fibers is also captured on the sump screen and thus prevents recirculation of the coolant in the emergency cooling system. Since the partially dissolved fibers can be mechanically destroyed (crushed), they can block the strainer causing failure of the emergency cooling system. In this situation the high head loss reaches a value that disables the operation of the pumps. The above effect of strainer blocking can be dramatically enhanced by strengthening of the fiber bed by the reprecipitated matter. Therefore study of the kinetics and thermodynamics of glass dissolution is needed for correct modeling of the process and its consequences on the operability of the emergency systems. Our previous work was therefore concentrated on leaching of various kinds of commonly used glass fibrous insulation in distilled water and in various coolant solutions used in NPPs [5] [6] [7] [8] . Due to the commonly meet irregular shape and broad fiber diameter distribution of various glass fibrous insulations the isothermal static leaching tests are in the first step performed on glass grains with narrow diameter distribution and with the same composition as the studied glass fibrous insulation. The distilled water and the particular coolant solution are used as the leaching solution. The main aim is to develop the reliable kinetic model enabling the qualified prediction of glass dissolution kinetics for various non-isothermal time-temperature regimes proposed for different LOCA scenarios. Therefore, the aim of the present work is the study of the leaching kinetics of IZOMER TT glass fibers used in NPPs. This glass fibrous insulation is produced by Termotechna, a.s. Bratislava (www.termotechna.sk).
THEORETICAL PART
The time evolution of the chemical composition of leaching solution is represented by the leached amount of each element related to the weight of the leached fibers -so called normalized leached amount, NL i (t), of the element i at the time t. This quantity is expressed by the equivalent weight of glass containing the same amount of element i as the leaching solution. When a congruent dissolution of glass takes place without any precipitation of dissolved matter, the same value of the normalized leached amount is obtained for each element.
The normalized leached amounts were calculated from the leaching solution composition by: The variance of experimental NL i exp values was evaluated using the three parallel experiments:
The Helebrant's empirical kinetic equation was used for smoothing of the experimental NL i exp data [9, 10] :
where P A,i , and P B,i (P A,i , P B,i > 0) are parameters obtained by minimizing the sum of squares of deviations between the experimental and smoothed NL i values. The reciprocal values of NL i exp variances (Equation 2) were used as weights in the minimized sum of squares. Using the nonlinear regression analysis the estimates of P A , and P B were obtained together with their standard deviations s(P A ), and s(P B ), and covariance cov(P A , P B ).
The standard deviations of the smoothed NL i values were calculated from:
The 95% confidence interval was then estimated as
The semiempirical kinetic equation derived from the Aagaard Helgeson kinetic equation [11] [12] [13] [14] was used for regression analysis of smoothed experimental data:
where NR is the normalized leaching rate, T is the thermodynamic temperature, and j denotes the elements taken into account (Ca, B, Al, Si). Constant values of a j were taken from the stoichiometric glass composition. This model in fact represents the congruent glass dissolution. The Arrhenian temperature dependence of the rate constant, k, and the formal solubility product, K, was considered:
The normalized leached amount NL(t) can be evaluated by the numerical integration of the Equation 6:
The values of concentrations c j (t) needed for the NR evaluation (Equation 5) are during the numerical integration evaluated from NL values by:
where c i (0) is the concentration of the element i at the beginning of leaching experiment. Thus it is zero for all elements in case of leaching in distilled water and for leaching in coolant solution only the boron concentration is non-zero, i.e. in our case c B (0) = 1.6485 g•dm -3 . In the first step, the values of k(T), and K(T) were evaluated from isothermal leaching tests performed at 70 °C, 80 °C, and 90 °C. From obtained temperature dependences the starting estimates of a, b, A, and B were evaluated from logarithmic plots of K and k versus reciprocal thermodynamic temperature. After that these parameters were optimized by minimizing the sum of squares of deviations between NL(t) and experimental smoothed values NL i (t): (9) where T 1 = 70 °C, T 2 = 80 °C, and T 3 = 90 °C. The samples of leaching solution were analyzed at 21 times t j , and i denotes the elements taken into account, i.e. Al, B, and Si in distilled water and Al, and Si in the coolant solution. Calcium was not included because of its significantly higher NL values caused by the diffusion mechanism of its leaching.
EXPERIMENTAL
The composition of IZOMER TT glass fibers was determined by X-Ray fluorescence spectroscopy (BRUKER, Tiger S8) using pellets prepared by melting the glass with Li 2 B 4 O 7 . The boron content was measured using the samples in the form of tablets prepared by pressing of the powdered glass. The resulting glass composition is summarized in Table 1 .
The glass was prepared by laboratory melting. Glass batch was prepared from analytical purity carbonates and oxides. Glass was melted in platinum-rhodium crucible in superkanthal furnace at temperature 1550 °C during 2 hours. The homogeneity was ensured by repeated hand mixing of the melt. The glass melt was then poured out onto a stainless steel plate. The glass was tempered in a muffle furnace for one hour at 650 °C, after which the furnace was switched off and samples allowed remain there until completely cool. The glass composition (Table 1) was checked by X-ray fluorescence spectroscopy (Bruker, Tiger S8). Glass grains with the particle size in the range of (0.500-0.315) mm were prepared by sieving of the milled glass (ČSN ISO 719) Optical emission spectroscopy with inductively coupled plasma (ICP OES -VARIAN -Vista MPX) was used for the analysis of the leaching solutions. Each solution sample was stabilized with nitric acid to achieve pH < 2 before the samples were analyzed by ICP OES.
The composition of borate coolant solution prepared from analytical grade purity chemicals was 2.99 g•dm -3 KOH, and 9.36 g•dm -3 H 3 BO 3 . The amount of boron leached from glass grains was determined for leaching tests realized in distilled water only. In case of coolant solution this quantity was overwhelmed by the high constant concentration of H 3 BO 3 .
The isothermal static leaching tests of glass grains in distilled water and coolant solution were performed at 70 °C, 80 °C, and 90 °C. Approximately 2 g of glass grains (weighted with the accuracy of 0.01 mg) were leached in 100 ml of distilled water or coolant solution in polypropylene bottles with screwed caps. The stirring of the solution during the leaching tests was ensured by placing the polypropylene bottles into the gently waging thermostatic bath. The duration of static leaching tests was 30 days. The sampling of leaching solution was performed 21 times at t j ≡ (1, 2, 3, 4, 6, 8, 10, 14, 18, 26,  36, 48, 72, 96, 144, 192, 240, 336, 524, 624, 720) hours by removing the bottle from thermostatic bath. Thus for three parallel experiments the number of samples used was three times the number of sampling times. A = (12.10 ± 0.11), B = (3541 ± 39). The values of the rate constant, k, and of the formal solubility product, K, evaluated at each temperature are summarized in Table 2 . The comparison of experimental and calculated NL values is presented in Figure 1 for the temperature 90 °C and in Figure 2 for the temperature of 70 °C. In both cases the acceptable coincidence of experimental points with the calculated NL values can be found for Al, B, and Si. The NL values of calcium are higher due to the diffusion leaching of Ca 2+ ions from glass. This effect is pronounced for the lower temperature, where the glass dissolution is slow.
RESULTS AND DISCUSSION
In the second step the proposed semiempirical The reason is in pH dependence that is implicitly contained in the rate constant k. The coolant solution buffers the pH value in the alkaline region. The values of the rate constant, k, and of the formal solubility product, K, evaluated at each temperature are summarized in Table 2 . The alkaline character of the coolant solution resulted in the higher values of the rate constant k. The comparison of experimental and calculated NL values is presented in Figure 3 for the temperature 90 °C and in Figure 4 for the temperature of 70 °C. In both cases the perfect coincidence of experimental points with the calculated NL values (within the experimental error) can be found for Al, and Si. The NL values of calcium are much higher due to the diffusion leaching of Ca 2+ ions from glass. Contrary to the leaching in distilled water, this effect is very high also at the temperature of 90 °C. Some explanation can be found in high borate concentration in coolant solution. This enhances the driving force for calcium ions diffusion.
CONCLUSIONS
It can be concluded that proposed semiempirical kinetic model allows the evaluation of the leaching kinetics for an arbitrary time-temperature schedule proposed for the LOCA scenario. Due to its semiempirical character its parameterization is needed for each particular leaching solution. 
